Accumulation of unfolded proteins in the endoplasmic reticulum (ER) causes a state of cellular stress known as ER stress. The cells respond to ER stress by activating the unfolded protein response (UPR), a signaling network emerging from the ER-anchored receptors IRE1α, PERK and ATF6. The UPR aims at restoring ER protein-folding homeostasis, but turns into a toxic signal when the stress is too severe or prolonged. Recent studies have demonstrated links between the UPR and inflammation. Consequently, small molecule inhibitors of IRE1α and PERK have become attractive tools for the potential therapeutic manipulation of the UPR in inflammatory conditions. TNF is a master pro-inflammatory cytokine that drives inflammation either directly by promoting gene activation, or indirectly by inducing RIPK1 kinase-dependent cell death, in the form of apoptosis or necroptosis. To evaluate the potential contribution of the UPR to TNF-induced cell death, we tested the effects of two commonly used PERK inhibitors, GSK2606414 and GSK2656157. Surprisingly, we observed that both compounds completely repressed TNF-mediated RIPK1 kinase-dependent death, but found that this effect was independent of PERK inactivation. Indeed, these two compounds turned out to be direct RIPK1 inhibitors, with comparable potency to the recently developed RIPK1 inhibitor GSK'963 (about 100 times more potent than NEC-1s). Importantly, these compounds completely inhibited TNF-mediated RIPK1-dependent cell death at a concentration that did not affect PERK activity in cells. In vivo, GSK2656157 administration protected mice from lethal doses of TNF independently of PERK inhibition and as efficiently as GSK'963. Together, our results not only report on new and very potent RIPK1 inhibitors but also highlight the risk of misinterpretation when using these two PERK inhibitors in the context of ER stress, cell death and inflammation.
The endoplasmic reticulum (ER) is a eukaryotic organelle that has a crucial role in many cellular processes. In particular, it controls the synthesis, folding, maturation and trafficking of proteins destined for secretion or cell surface display. It does so with the help of various chaperones and enzymes that respectively promote folding and complex post-translational modification of the nascent proteins. Many physiological and pathological conditions can, however, disturb the ER proteinfolding environment, which results in the accumulation of unor misfolded proteins within the organelle lumen. This situation creates a state of cellular stress commonly called 'ER stress'. Eukaryotic cells have developed a quality control system, known as the unfolded protein response (UPR), to sense and adapt to ER stress. 1, 2 In metazoans, the UPR is activated by inositol-requiring protein 1 (IRE1α), protein kinase RNA-like ER-kinase (PERK) and activating transcription factor 6 (ATF6), three ER-anchored receptors that sense the protein-folding status in the ER lumen and transduce the information in the cytosol. In the absence of ER stress, the chaperone-binding immunoglobulin protein (BIP) maintains these sensors in an inactive state by binding to their ER luminal domain. On BIP release, these receptors activate cytosolic signaling pathways aimed at restoring protein homeostasis by reducing the protein load in the ER. Nevertheless, when the stress is too severe and/or prolonged, the UPR is insufficient to restore ER homeostasis and turns into a toxic signal leading to cell death. 2 Recently, the UPR has been shown to have critical functions in immunity and inflammation, and to be linked to a variety of human inflammatory pathologies such as infectious, autoimmune, neurodegenerative and metabolic disorders, as well as cancers. [3] [4] [5] [6] At the cellular level, signaling downstream of all three ER sensors has been linked, directly or indirectly, to inflammation. In the case of PERK, its activation was for example reported to activate nuclear factor-κB (NF-κB), a master transcriptional regulator of pro-inflammatory pathways. 7 In resting conditions, NF-κB is kept inactive in the cytosol through its association with IκB. Activated PERK indirectly disturbs the IκB-mediated inhibition of NF-κB by inhibiting global protein synthesis via phosphorylation of eukaryotic translation initiator factor 2α (eIF2α). Owing to the short half-life of IκB, the translational break increases the NF-κB to IκB ratio, thereby freeing NF-κB for nuclear translocation. In addition, although inhibiting global protein synthesis, phosphorylated eIF2α promotes the CAP-independent translation of certain mRNAs, including the one encoding activating transcription factor 4 (ATF4), which has an important role in many physiological processes, such as the anti-oxidative stress response, autophagy and inflammation. [8] [9] [10] [11] In light of the role of cell death in triggering inflammatory responses, it is also believed that PERK promotes inflammation by inducing cell death. Indeed, CCAAT/enhancer-binding protein homologous protein (CHOP) is a downstream target of ATF4 that has been reported to induce cell death in various ways. 2 As a consequence of the link between UPR and inflammation, small molecule inhibitors of the UPR have become attractive tools for the potential therapeutic manipulation of the UPR in inflammatory conditions. 6, 12 These inhibitors are also increasingly used both in vitro and in vivo to demonstrate the contribution of the UPR to specific inflammatory pathways. Tumor necrosis factor (TNF) is a master pro-inflammatory Figure 1 The PERK inhibitors GSK2606414 (GSK'414) and GSK2656157 (GSK'157) protect cells from TNF-mediated RIPK1 kinase-dependent cell death. (a-c) Immortalized MEFs were pretreated for 30 min with the indicated compounds (1 μM GSK'157, 10 μM NEC-1s, 250 ng/ml CHX, 1 μM TAK1-inh, 50 μM ZVAD-fmk) and TNF-mediated cell death was measured in function of time by SytoxGreen positivity.
40 RIPK1-independent apoptosis was induced by CHX+mTNF (1 ng/ml), RIPK1 kinasedependent apoptosis by TAK1-inh+hTNF (0.1 ng/ml) and RIPK1 kinase-dependent necroptosis by ZVAD+hTNF (1 ng/ml). The results are presented as mean ± S.E.M. of three independent experiments. Statistical significance was determined by two-way ANOVA. Significance between samples is indicated in the figures as follows: NS= P > 0.05; *Po0.05; **Po0.01; ***Po0.001. (d-f) Immortalized MEFs (d and e) and L929 cells (f) were pretreated for 30 min with increasing concentrations of the indicated compounds in presence or absence of TAK1-inh (1 μM) or ZVAD-fmk (50 μM) and TNF-mediated cell death was measured at 24 h post-stimulation by SytoxGreen positivity. 40 (g) Immortalized MEFs were pretreated for 30 min with GSK'157 (0.1 μg/ml) or NEC-1s (10 μg/ml), stimulated with hTNF (1 ng/ml) for the indicated time, and the cell lysates were then immunoblotted as indicated. (h) Immortalized MEFs were pretreated for 30 min with ZVAD-fmk (50 μM), TAK1-inh (1 μM) and the indicated compounds and then stimulated for 2 h with hTNF (1 ng/ml). Complex IIb was isolated by FADD immunoprecipitation and RIPK1 and caspase-8 binding revealed by immunoblotting cytokine that promotes inflammation by activating the mitogen-activated protein kinases (MAPKs) and NF-κB pathways, which collectively lead to the transcriptional upregulation of pro-inflammatory molecules. 13 In addition, it recently became clear that TNF also promotes/exacerbates inflammation by inducing RIPK1 kinase-dependent cell death, in the form of apoptosis or necroptosis. 14, 15 As previous studies reported activation of PERK by TNF signaling, 16, 17 we decided to evaluate the contribution of PERK signaling to TNF-induced cell death by making use of two commonly used PERK inhibitors, GSK2656157 and GSK2606414. Surprisingly, we identified both compounds as new potent RIPK1 inhibitors, thereby highlighting the risk of misinterpretation when using these inhibitors in the fields of cell death and inflammation.
Results
GSK2606414 and GSK2656157 inhibit TNF-mediated RIPK1 kinase-dependent cell death. Binding of TNF to TNFR1 can trigger both RIPK1-independent apoptosis and RIPK1 kinase-dependent apoptosis or necroptosis according to the cellular context. 14 In mouse embryonic fibroblasts (MEFs), it was previously demonstrated that TNF induces RIPK1-independent apoptosis in the presence of cycloheximide (CHX), RIPK1 kinase-dependent apoptosis when combined to the TAK1 inhibitor (5Z)-7-Oxozeaenol (TAK1-inh) and RIPK1 kinase-dependent necroptosis in the presence of the pan caspase inhibitor zVAD-fmk (ZVAD). 18, 19 To evaluate the contribution of PERK signaling to the different cellular death outcomes of TNFR1 engagement in MEFs, we first tested the effect of PERK inhibition by GSK2656157 (GSK'157), an optimized version of the PERK inhibitor GSK2606414 (GSK'414) that was selected for preclinical development. [20] [21] [22] NEC-1s, an optimized version of the RIPK1 inhibitor Necrostatin-1 (NEC-1), was used as positive control to monitor RIPK1 kinase dependency in the induced cell-death modalities. 23, 24 Although GSK'157 had no effect on TNF-induced RIPK1-independent apoptosis (Figure 1a) , it completely prevented RIPK1 kinase-dependent apoptosis ( Figure 1b ) and necroptosis ( Figure 1c) . Remarkably, both PERK inhibitors GSK'414 and GSK'157 turned out to be at least 100 times more potent than NEC-1 or NEC-1s in inhibiting TNF-mediated RIPK1 kinase-dependent apoptosis and necroptosis in MEFs (Figures 1d and e) . The calculated IC 50 values were respectively of 6.3-7.3 μM for GSK'414, 2.9-1.9 μM for GSK'157, 3290-2070 μM for NEC-1 and 650-740 μM for NEC-1s (Table 1) . A similar difference in potency was observed when monitoring inhibition of caspase-3 activity following stimulation with TNF and the TAK1 inhibitor ( Table 1 ). The protective effect of these PERK inhibitors was not cell specific as they similarly inhibited TNF-induced RIPK1 kinase-dependent necroptosis in L929 cells ( Figure 1f and Table 1 ).
Engagement of TNFR1 by TNF results in the sequential assembly of a membrane-bound primary signaling complex (TNFR1 complex I or TNFR1-SC) that drives gene activation and of a secondary cytoplasmic complex (TNFR1 complex IIb) composed of RIPK1, FADD and caspase-8, that mediates RIPK1 kinase-dependent apoptosis. In the scenario of GSK2606414 and GSK2656157 are RIPK1 inhibitors D Rojas-Rivera et al caspase-8 inhibition, RIPK1 then associates with RIPK3 to form the necrosome and to initiate necroptosis. 14 Interestingly, we found that GSK'157 treatment of MEFs did not alter TNFR1 signaling to MAPK or NF-κB, as monitored by phosphorylation of p38 and IκBα, but completely prevented complex IIb formation, similarly as NEC-1s (Figures 1g and h ). Of note, GSK'157 was able to inhibit complex IIb assembly at a concentration 100 times lower than the concentration commonly used for NEC-1s. 19 Together, our results indicate that GSK'414 and GSK'157 specifically inhibit TNF-mediated RIPK1 kinase-dependent death by preventing complex IIb formation, about 100 times more potently than NEC-1s.
GSK2656157 protects from TNF-mediated RIPK1 kinasedependent cell death independently of PERK inhibition. To test for potential off-target effects of GSK'414 and GSK'157, we next evaluated the effect of AMG'44, a structurally distinct PERK inhibitor, 25 and of ISRIB, a potent inhibitor of PERK signaling that reverses the effects of eIF2α phosphorylation, 26 on TNF-induced cell death in MEFs. Surprisingly, and in contrast to the results obtained with GSK'414 and GSK'157, we found that none of these two additional inhibitors protected the cells from TNF-induced death (Figures 2a-c) . The PERK-independent protection obtained by GSK'157 was further illustrated by siRNAmediated repression of PERK. Indeed, the transient repression of PERK did not protect the cells from RIPK1 kinasedependent necroptosis or apoptosis triggered by TNF in conjugation with ZVAD-fmk or TAK1-inh, respectively ( Figure 2d ). In contrast, GSK'157 or NEC-1s still provided protection to the MEFs repressing, or not, PERK expression ( Figure 2d ). The functionality of the PERK knockdown was confirmed by exposing the MEFs transfected with control siRNA (NS siRNA) and Perk siRNA to the ER stress inducer tunicamycin (Tm). We observed that Tm-induced PERK autophosphorylation and CHOP induction was absent in the Perk siRNA-treated cells, confirming functional PERK knockdown ( Figure 2e ).
Having established that GSK'157 protects cells from TNFmediated RIPK1 kinase-dependent cell death independent of PERK inhibition, we next compared the efficiency of GSK'157 in inhibiting PERK signaling versus TNF-induced cell death in MEFs. As cellular readouts for PERK activity, we monitored Tm-induced PERK auto-phosphorylation and ATF4 induction (Figures 2f-i) . Pretreatment of MEFs with GSK'157 resulted in a total inhibition of ATF4 induction and greatly repressed PERK auto-phosphorylation when this compound was used at a concentration above 0.25 μM, with calculated IC 50 value of 0.2 μM (Figures 2f and h and Table 1 ). This concentration is two orders of magnitude higher than the calculated IC 50 value for the inhibition of TNF-mediated apoptosis/necroptosis induction (Figures 1d-f and Table 1 ). Of note, the calculated IC 50 value for cellular PERK inhibition by AMG'44 was between 0.22 and 0.74 μM (Figures 2g and i and Table 1 ). Together, these results indicate that GSK'157 protects cells from TNF-mediated death independent of PERK inhibition, and that this compound is a much better cellular inhibitor of RIPK1 kinase-dependent cell death than of PERK signaling.
GSK2606414 and GSK2656157 are direct RIPK1 inhibitors. The fact that GSK'414 and GSK'157 could protect cells from TNF-mediated death independent of PERK inhibition, and only in conditions where cell death induction was requiring RIPK1 enzymatic activity, let us hypothesize that RIPK1 could be a substrate directly targeted by these compounds. To test this hypothesis, we performed in vitro ADP-Glo kinase assays using recombinant human RIPK1. Remarkably, we found that both GSK'414 and GSK'157 directly inhibited RIPK1 enzymatic activity with a potency that was at least 10 times higher than NEC-1s ( Figure 3a and Table 1 ). In contrast, and in line with our cellular results (Figures 2b and c) , AMG'44 had no effect on RIPK1 kinase activity (Figure 3a) . Of note, we observed that while GSK'414, GSK'157 and AMG'44 repressed PERK activity in the ADPGlo kinase assays with different potencies, the enzymatic activity of PERK was not affected by NEC-1s (Figure 3b) .
Modeling of the RIPK1-GSK2656157 complex. To predict how GSK'157 interacts with RIPK1, we examined the previously published crystal structures of the RIPK1 kinase domain bound to different inhibitors. The crystal structure pdb-entry 4NEU shows an inactive 'Asp-Leu-Gly (DLG)-out' conformation of RIPK1 in complex with an aminoisoquinolinyl-phenylurea derivative (compound 8), 27 binding into the ATP-pocket. This inhibitor has an overall resemblance to the indolyl-aminopyrimidine derivatives GSK'414 and GSK'157 ( Figure 3c ). Automated docking with AutoDock-Vina 28 of GSK'157 into the ATP-pocket of 4NEU gave, as first predicted docking pose, an active site occupancy that is remarkably similar to that of compound 8: the respective isoquinoline/pyridine rings, central phenyl/ indole rings, and tert. butyl isoxazole/methylpyridyl groups, all respectively and similarly are occupying RIPK1's hinge binder zone, the central zone near DLG-out and the allosteric hydrophobic pocket along the C-helix (Figure 3d ). RIPK1 structure 4NEU shows a distinct inactive conformation from pdb-entries 4ITI, 4ITJ, 4ITH (bound to necrostatins) 29 or the recently published 5HX6. 30 In the latter, RIPK1 is in complex with the benzoxazepinone derivative GSK'481, an inhibitor that spans the same three zones occupied by compound 8 in 4NEU. In structure 5HX6, Phe162 points to and partly blocks the central zone for proper docking with GSK'157. However, when Phe162 is set as a flexible residue, GSK'157 again adopts a pose similar to compound 8 in 4NEU (not shown). Together, these results predict a model in which GSK'157 binds RIPK1 in a very similar way as compared with the type II class inhibitor compound 8, 27 occupying the ATP-binding pocket with the kinase adopting a DLG-out conformation.
GSK2606157 is a potent inhibitor of TNF-induced lethal shock. RIPK1 kinase-dependent death has been reported to drive lethal hypothermia in an acute model of sterile shock caused by TNF injection. 31, 32 The severity of the shock and the resulting lethality rate depend on the injected dose of TNF, and pharmacological inhibition of RIPK1 by NEC-1s was shown to either fully or partially protect the mice from death. 33, 34 In cells, we found that GSK'157 was at least 100 times more potent than NEC-1s in inhibiting TNF-mediated RIPK1 kinase-dependent death (Figures 1d-f) . As NEC-1s and GSK'157 show similar pharmacokinetic profiles (T 1/2 = 1 h for NEC-1s 24 and = 1.25 h for GSK'157 22 ), we tested the potential protective effect of GSK'157 in the model of TNF-induced lethal shock by using it at a concentration 10 times lower than the one commonly used for NEC-1s. 33, 34 The mice were injected with a single intravenous dose of vehicle, NEC-1s (6 mg/kg = 21.6 μmol/kg) or GSK'157 (0.9 mg/kg = 2.16 μmol/kg) 15 min before intravenous injection of TNF. At the high dose of TNF used, 75% of the mice succumbed within 12 h, and all mice were dead by 24 h post 40 RIPK1-independent apoptosis was induced by CHX+mTNF (1 ng/ml; a), RIPK1 kinasedependent apoptosis by TAK1-inh+hTNF (0.1 ng/ml; b) and RIPK1 kinase-dependent necroptosis by ZVAD+hTNF (1 ng/ml; c) . The results are presented as mean ± S.D. of three independent experiments. Statistical significance was determined by Student's t-test. (Figures 4a and b) . Administration of NEC-1s provided partial protection during the first 24 h, but only 25% of the animals survived over a period of 4 days. In clear contrast, 75% of the mice receiving GSK'157 survived the 4-day period and the surviving animals had completely regained their normal body temperature (Figures 4a and b , Table 2 ). Of note, no toxic effects were observed in control animals administered with GSK'157 alone. To test the potential contribution of PERK inhibition to the protection obtained with GSK'157, we repeated the experiment with AMG'44, a PERK inhibitor that did not inhibit RIPK1 (Figures 2a-c) or protect cells from TNF-induced death (Figures 3a and b) . AMG'44 was used at a concentration 10 times higher than GSK'157 (12 mg/kg = 21.4 μmol/kg). As shown in Figure 4 , the administration of AMG'44 did not provide significant protection against TNF-induced hypothermia and lethality, whereas GSK'157 fully protected the mice in that experiment (Figures 4c and d,Table 2 ). Importantly, at the concentration used, the administration of AMG'44, and not of GSK'157, significantly repressed PERK autophosphorylation in the liver of mice injected with tunicamycin (Tm; Figures 4e and f) . Taken together, these results demonstrate that GSK'157 is a much better inhibitor than NEC-1s in the model of TNF-induced lethal shock and that the protection obtained by GSK'157 is independent of PERK inhibition.
GSK2606157 has comparable potency as GSK'963, a recently developed potent inhibitor of RIPK1. Having demonstrated the potential use of GSK'157 as a new tool for the in vitro and in vivo study of RIPK1, we next decided to compare its activity to GSK'963, a recently developed and commercially available RIPK1 inhibitor shown to exhibit improved efficacy relative to NEC-1s. 35 We first evaluated the effect of GSK'963 on PERK and found that similar to NEC-1s, but in contrast to GSK'414 and GSK'157, GSK'963 had no inhibitory activity on PERK (Figures 5a and b) . At the level of RIPK1, GSK'414 and GSK'157 remarkably showed comparable inhibitory activity as GSK'963, respectively, analyzed by in vitro ADP-Glo kinase assay using recombinant human RIPK1 and in cells following TNF-induced RIPK1-dependent apoptosis (Figures 5c and d) . This comparable efficacy in inhibiting RIPK1 was also observed in vivo where both GSK'963 and GSK'157 provided full protection to TNF-induced hypothermia and lethality when used at 2.16 μmol/kg (1X) or 0.54 μmol/kg (0.25X; Figures 5e-g, Table 2 ), concentrations at which GSK'157 does not inhibit PERK (Figures 4e and f) . 
Discussion
The unfolded protein response (UPR), which is activated by IRE1α, PERK and ATF6, is emerging as a signaling network having important roles in cell death, immunity and inflammation. [2] [3] [4] [5] Consequently, there is a growing interest on the potential use of small molecule inhibitors of the UPR in the treatment of inflammatory conditions. 6,12 Among these molecules, selective PERK inhibitors have been reported and these compounds are currently commonly used to demonstrate the contribution of PERK signaling in various disease models. [20] [21] [22] 36 TNF is a master pro-inflammatory cytokine that promotes inflammation either through gene activation or by inducing RIPK1-dependent cell death. 14, 15 In light of the reported activation of PERK by TNF, 16, 17 we evaluated the potential role of PERK signaling in regulating TNF-mediated death. Our in vitro and in vivo results allow us to conclude that PERK signaling does not regulate TNF-induced cell death, as PERK inactivation was neither protecting nor sensitizing cells to death induced by TNF. Nevertheless, we identified two reportedly potent and selective PERK inhibitors, GSK2606414 and its optimized analog GSK2656157, to actually be much more potent RIPK1 inhibitors. These compounds consequently provided protection to TNF-mediated RIPK1 kinase-dependent cell death independently of PERK inhibition. The fact that these inhibitors completely inhibited TNF-mediated RIPK1-dependent cell death at concentrations that did not affect PERK activity makes them better (about 100 times) cellular inhibitors of RIPK1 than of PERK, at least in MEFs. The cellular IC 50 values that we calculated for GSK2606414 and GSK2656157 in MEFs are higher than the ones initially reported for PERK inhibition in other cell types. [20] [21] [22] Nevertheless, our RIPK1-and PERK-dependent functional readouts were monitored in the same cells, demonstrating the higher potency of these inhibitors in targeting RIPK1 than PERK in a given cell type. These findings have important consequences considering that these compounds are commonly used as specific PERK inhibitors. In this study, we focused on the role of RIPK1 downstream of TNFR1, but RIPK1-dependent functions extend this particular pathway or even cell death induction in general. RIPK1 has for example also been involved in other biological processes also influenced by PERK signaling, such as autophagy. 37, 38 It is, therefore, highly probable that some of the phenotypes obtained with GSK2606414 or GSK2656157 reflect a consequence of RIPK1 inhibition rather than PERK inhibition. In contrast to GSK2606414 and GSK2656157, we found that AMG'44 inhibits PERK activity without interfering with RIPK1. We would, therefore, recommend using AMG'44 for the pharmacological inhibition of PERK in biological processes that might be influenced by RIPK1.
We found that GSK2656157 displayed about 800-fold increased activity over NEC-1 and 200-fold over NEC-1s in inhibiting RIPK1 in our cell death assays. We also found that GSK2656157 was a much better RIPK1 inhibitor than NEC-1s in the in vivo model of TNF-induced lethal shock. Remarkably, the in vitro and in vivo inhibitory activity of GSK2656157 on RIPK1 was comparable to the one of GSK'963, a recently developed RIPK1 inhibitor exhibiting improved efficacy and in vivo availability relative to NEC-1s. 35 This makes GSK2656157 one of the most potent RIPK1 inhibitors currently available. These findings therefore open the doors for a broader use of this inhibitor in various cellular and in vivo models involving RIPK1 kinase-dependent functions. In this study, we focused on RIPK1 but we cannot exclude the possibility that GSK2656157 also efficiently targets additional kinases other than RIPK1 and PERK. GSK2656157 was developed to improve the physical properties and pharmacokinetics of its analog GSK2606414. 21, 22 Despite its high selectivity for PERK, GSK2656157 was reported to lead to 80% inhibition of 15 other kinases (out of a panel of 300 kinases that did not include RIPK1) when used in vitro at 10 μM. It would therefore be important to re-evaluate the kinase selectivity profile of GSK2656157 on the whole human kinome when using it at a much lower concentration shown to be sufficient to inhibit 100% of RIPK1 activity. In light of the general interest in generating small molecules specifically targeting RIPK1 or PERK in pathological conditions, it would also be of importance to generate derivatives of GSK2656157 in the hope to segregate the specificity for each of the two kinases.
In conclusion, our study led to the identification of GSK2606414 and GSK2656157 as two new potent RIPK1 inhibitors working in the nanomolar range. Our work also highlights the risk of misinterpretation when using these two compounds as 'selective' PERK inhibitors. Cell-death analysis. The cell-death measurements were carried out using a Fluostar Omega fluorescence plate reader (BMG Labtech, Ortenberg, Germany) with temperature-and atmosphere-controlled settings, as previously reported. 40 In brief, the cells were seeded in triplicate at 10 000 cells per well in a 96-well adherent plate. The next day, the cells were treated with the indicated compounds in the presence of 5 μM SytoxGreen (Invitrogen, Waltham, MA, USA; no. S7020) and 10 μM Ac-DEVD-AMC (Pepta Nova, Sandhausen, Germany; no. 3171-V). SytoxGreen intensity was measured in function of time at intervals of 1 h with an excitation filter of 485 nm, emission filter of 520 nm, gains set at 1100. We used 20 flashes per well and orbital averaging with a diameter of 3 mm. The cell death was calculated by subtracting the background fluorescence from the induced SytoxGreen fluorescence and by dividing the obtained result by the maximal fluorescence (minus the background fluorescence) obtained by permeabilization of the cells by using Triton X-100 at a final concentration of 0.1%. Caspase-3 activity (cleaved DEVD-AMC) was obtained using an excitation filter of 355 nm and an emission filter of 460 nm with the same time intervals and gains of 1000 with 20 flashes per well and 3 mm orbital averaging.
In vitro kinase assays. In vitro kinase assays were performed by ADP-Glo luminescence assays (Promega; Madison, WI, USA; no. V9101) using recombinant GST-hRIPK1 (produced in our laboratory) or purchased recombinant GSThPERK (Invitrogen; no. PV5106), and following the manufacturer's protocol. The primary reaction (150 nM GST-RIPK1 or 16 nM GST-PERK, 50 μM ATP, 50 mM HEPES pH 7.5, 50 mM NaCl, 30 mM MgCl 2 , 4 mM DTT, 0.5 mg/ml BSA and 0.02% CHAPS, in the presence of increasing concentrations of the indicated compounds) was carried out for 4 h at room temperature. We used a 2 : 2 : 1 ratio of kinase reaction volume to ADP-Glo reagent volume to kinase detection reagent volume.
Immunoprecipitation. MEFs were seeded at 2 × 10 6 cells in 60 cm 2 culture plates. The next day, the cells were pretreated with the indicated compounds for 30 min before stimulation with hTNF (1 ng/ml) for 2 h. Then, the cells were washed two times in ice-cold PBS before lysis in 1 ml of NP-40 lysis buffer containing protease (Roche Applied Science, Penzberg, Germany; no. 11873580001) and phosphate (Roche Applied Science; no. 04906837001) inhibitors. The cell lysates were cleared by centrifugation for 15 min at 4°C and the supernatant incubated overnight with protein A Sepharose CL-4B (GE Healthcare, Diegem, Belgium; no. 17-0780-01) containing 8 μl of anti-FADD (M-19) antibody (Santa Cruz Biotechnology; no. sc-6036). The next day, the beads were washed three times in NP-40 lysis buffer. The immune complexes were then eluted in 2 × Laemmli buffer and analyzed by western blotting.
TNF-induced lethal shock. C57BL/6 J female mice of 8-11 weeks of age were purchased from Janvier Labs and housed for 2 weeks at the specific-pathogen free animal facility of the IRC at VIB (Ghent, Belgium) before the TNF-induced shock experiment. All the experiments on mice were conducted according to institutional, national and European animal regulations. DMSO stock solutions of NEC-1s, GSK'157, GSK'963 and AMG'44 were diluted in endotoxin-free DPBS (Sigma-Aldrich) and injected intravenously (i.v.) in a volume of 200 μl (6% DMSO final) at 6 mg/kg (21.6 μmol/kg; 10X) for NEC-1s, 0.9 and 0.226 mg/kg (2.16 and 0.54 μmol/kg; 1X and 0.25X, respectively) for GSK'157, 12 mg/kg (21.4 μmol/kg; 10X) for AMG'44 and 0.496 and 0.124 mg/kg (2.16 and 0.54 μmol/kg; 1X and 0.25X, respectively), 15 min before i.v. injection of mTNF (15 μg/20 g in 200 μl endotoxin-free PBS (pH 6.8)). Control mice received an equal amount (i.v.) of DMSO (6%) dissolved in DPBS 15 min before the mTNF challenge (vehicle). Mortality and body temperature were monitored until 4 days after mTNF injection. Rectal body temperature was recorded with an industrial electric thermometer (Comark Electronics, Norwich, UK; model 2001). The dead mice were considered to be at 22°C.
In vivo analysis of PERK activation/inhibition. C57BL/6 J female mice of 9 weeks of age were i.v. injected with vehicle (DMSO), GSK'157 (2.16 μmol/kg; 1X) or AMG'44 (21.4 μmol/kg; 10X) 15 min before i.p. injection with 2 μg/g of Tm diluted in 150 mM dextrose. After 6 h, the livers were collected and homogenized in lysis buffer (1% NP-40, 200 mM NaCl, 10 mM Tris-HCl pH 7.5, 5 mM EDTA and 10% glycerol) containing protease (Roche Applied Science, Penzberg, Germany; no. 11873580001) and phosphate (Roche Applied Science; no. 04906837001) inhibitors using the Tissuelyser II (Qiagen, Hilden, Germany). PERK activation (auto-phosphorylation) was monitored by western blot analysis using 20 μg of proteins/lane. Each lane represents a different animal. The immunoblot signal was obtained with the Amersham Imager 600 (GE Healthcare Life Sciences, Chicago, IL, USA) and the quantification of the intensity of the bands corresponding to the nonphosphorylated (a) and auto-phosphorylated (b) forms of PERK was performed using ImageJ (https://imagej.nih.gov/ij/). PERK phosphorylation (%) = b/(a+b) × 100. Docking settings. All waters and ligands of crystal structures 4NEU and 5HX6 were manually deleted from the pdb-text file. The emptied structures were subjected to a local minimization with the GROMOS96 (43B1 parameter set) implementation within the Swiss-PdbViewer, 41 and polar hydrogens were added. Ligands were 3D-drawn with Avogadro 1.1.1 42 and minimized with the built-in general AMBER force field. 43 The AutoDockTools 1.5.4 suite 44 was used for pdbqt-format preparation of the protein and ligands. Dockings were with AutoDock-Vina 1.1.0 28 with exhaustiveness set at 32. Grid-box sizes were x, y and z = 18 centered at x = 28.4, y = 61.7 and z = 50.9 for 4NEU; x, y and z = 18 centered at x = 20.6, y = − 6.2 and z = 56.8 for 5HX6 where Phe162 was set as flexible residue. Visualization was with PyMOL (DeLano Scientific LLC, San Carlos, CA, USA).
Statistical analysis. Statistical analysis was performed with GraphPad Prism V6 software (GraphPad, La Jolla, CA, USA). Statistical significance was determined using two-way ANOVA, Student's test or Kaplan-Meier and log-rank Mantel-Cox test. Significance between samples is indicated in the figures as follows: NS = P40.05; *Po0.05; **Po0.01; ***Po0.001.
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